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The thermodimorphic fungi Paracoccidioides brasiliensis and Paracoccidioides lutzii are the etiologic agents
of Paracoccidioidomycosis (PCM), the most important endemic systemic mycosis in Latin America. Para-
coccidioides grows as saprophytic mycelia that produce infective conidia propagules, which are inhaled
into the lungs where the fungus converts to the pathogenic yeast form. From the lungs, Paracoccidioides
may disseminate through blood and lymphatics to several other organs and tissues. During the last dec-
ade we have witnessed the generation of a large amount of transcriptomic data regarding the events lead-
ing to the morphological transition and host niche adaptation. In this review we summarize those
ﬁndings and discuss the consequence of gene expression plasticity in the persistence and survival of this
pathogen. In addition, we discuss the future trends on the host–pathogen studies and how newmolecular
strategies, such as RNA-seq, dual RNA-seq and Chip-Seq can be powerful tools to improve our under-
standing on the pathobiology of this systemic mycosis in Latin America.
 2014 Elsevier Inc. All rights reserved.1. Introduction
The genus Paracoccidioides encompasses Paracoccidioides brasil-
iensis, a complex of three phylogenetic groups, and a new species
Paracoccidioides lutzii (formerly ‘‘Pb01-like’’) (Matute et al., 2006;
Teixeira et al., 2009; Theodoro et al., 2012). P. brasiliensisand P. lut-
zii are thermally dimorphic fungi that cause Paracoccidioidomyco-
sis (PCM), a deep or systemic granulomatous mycosis endemic in
South America, especially Brazil, Argentina, Venezuela and Colom-
bia (San-Blas and Burger, 2011; Restrepo et al., 2012). In Brazil,
PCM is the tenth most common fatal chronic infectious disease
and the deadliest deep mycosis not associated with AIDS (Prado
et al., 2009). Mainly affecting rural workers, Paracoccidioides spe-
cies grow as saprophytic mycelia producing infective conidia prop-
agules that are inhaled into the lungs where transition to the
pathogenic yeast form occurs, an essential step for the successful
establishment of the infection (Brummer et al., 1993; San-Blas,
1993; San-Blas et al., 2002). The transition process, which can bereproduced in vitro by changing the incubation temperature from
25 C to 37 C (San-Blas et al., 2002), has been widely studied using
high-throughput analysis of gene reprogramming (Table 1)
(Venancio, 2002; Felipe et al., 2003; Goldman et al., 2003; Marques,
2004; Felipe et al., 2005a,b; Nunes et al., 2005;Ferreira et al., 2006;
Andrade, 2006; Bastos et al., 2007; Monteiro et al., 2009; García
et al., 2010).
The data generated by these works provided the necessary
framework for the following studies aimed to investigate the tran-
scriptional pattern of Paracoccidioidesin host niches and conditions
discussed here (Table 2) (Bailão et al., 2006, 2007; Costa et al.,
2007; Tavares et al., 2007; Derengowski et al., 2008; Bailão et al.,
2012; Shankar et al., 2011b; Oliveira et al., unpublished data; Fer-
nandes et al., unpublished data). Once in the lungs, epithelial cells
and resident macrophages are the ﬁrst line of defense interacting
with Paracoccidioides cells. Despite the harsh environment, macro-
phages may serve as a shelter for fungal intracellular survival and
proliferation, whereas the adhesion to and invasion of epithelial
cells and lamina basal proteins may be required for the extrapulmo-
nary hematogenous dissemination to organs and tissues, such as the
spleen, liver, lymph nodes, oral and nasal mucous membrane and
skin (Brummer et al., 1993; San-Blas et al., 2002; Mendes-Giannini
et al., 2008).
Table 1
High-throughput transcriptomic analyses of Paracoccidioides genus related to dimorphism.
Condition Transcriptomic analysis Major cellular processes modulated References
Mycelium and yeast
phase and
mycelium to yeast
transitions
Differential display Paracocidioides Pb01 (now P. lutzii) Differentially expressed genes related to P. lutzii forms Venancio (2002)
Mycelium and yeast
phase
In silico ESTa subtraction of 2160groups of P. lutzii (Pb01)
EST data bank
Cellular metabolism, information storage and processing,
cellular processes, cell division, posttranslational
modiﬁcations
Felipe et al. (2003)
Yeast to mycelium
and mycelium to
yeast transitions
In silico EST subtraction of 4692 expressed genes from P.
brasiliensis (Pb18) EST data bank
Virulence and pathogenicity Goldman et al.
(2003)
Mycelium and yeast
phase
Suppression Subtraction Hybridization (SSH) and
cDNAmacroarray of 1397P. brasiliensis (Pb18) genes
Primary and sulfur metabolism, Signal transduction,
oxidative stress
Marques (2004)
Mycelium and yeast
phase
In silico EST subtraction of 6022 groups of of P. lutzii
(Pb01) EST data bank and DNA microarray of 1152 cDNA
clones derived from P. brasiliensis EST data bank
General and differential metabolism, signal transduction,
host–pathogen interaction, drug targets and essential
genes
Felipe et al. (2005a)
Mycelium and yeast
phase
In silico EST subtraction of 6022 groups of of P. lutzii
(Pb01) EST data bank
General and differential metabolism, signal transduction,
host–pathogen interaction, drug targets and essential
genes
Felipe et al. (2005a)
Mycelium to yeast
transition
DNA microarray of 4692 cDNA clones derived from P.
brasiliensis (Pb18) EST data bank
Amino acid catabolism, signal transduction, protein
synthesis, cell wall metabolism, genome structure,
oxidative stress response, growth control, development
Nunes et al. (2005)
Mycelium and yeast
phase
In silico EST subtraction and DNA microarray of 1152
cDNA clones derived from of P. lutzii (Pb01) EST data bank
Cell organization, sulfur metabolism and ion transport Andrade (2006)
Mycelium to yeast
transition
DNA microarray of 4692 cDNA clones derived from P.
brasiliensis (Pb18) EST data bank
Sulfur metabolism Ferreira et al. (2006)
Mycelium to yeast
transition
1107 ESTs from a transition cDNA library of P. lutzii (Pb01) Primary metabolism, energy, protein synthesis and fate,
cellular transport, cell wall and membrane biogenesis.
Bastos et al. (2007)
Mycelium and yeast
phase
12,000 Element random-shear genomic DNA microarray
of P. lutzii (Pb01)
Cell wall plasticity, nutritional requirements, membrane
lipid composition, respiratory activity
Monteiro et al.
(2009)
Conidium to yeast
transition
276 Sequences obtained from EST-Orestes library of P.
brasiliensis (ATCC 60855)
Cell signaling, stress response, metabolism García et al. (2010)
a ESTs: Expression sequence tags.
Table 2
Transcriptomic response of Paracoccidioides genus in host niches and conditions.
Host niche/condition Transcriptomic analysis Major cellular processes modulated References
Human blood and murine
liver
Subtracted cDNA library (RDA) Metal (iron) acquisition and transport, cell defense
and virulence, osmotic sensing, cell wall plasticity
Bailão et al. (2006)
Human plasma Subtracted cDNA library (RDA) b-Oxidation, methylcitrate cycle, metal (iron)
acquisition and transport, osmotic sensing
Bailão et al. (2007)
Murine liver 4934 ESTsa from a non-normalized cDNA Library Glycolysis, lipid biosynthesis, fermentation (ethanol
production), metal acquisition and transport
Costa et al. (2007)
Murine peritoneal
macrophages
DNA microarray of 1152 cDNA clones derived from P.
lutzii (Pb01) EST data bank
Glyoxilate cycle, response to oxidative stress, metal
(copper) transport
Tavares et al. (2007)
Murine peritoneal
macrophages
SqRT-PCRb of selected genes Glyoxilate cycle Derengowski et al.
(2008)
Type I collagen and
ﬁbronectin
Subtracted cDNA library (RDA) Adhesion proteins, energy production Bailão et al. (2012)
Human estradiol 11,000 element random-shear genomic DNA
microarray
Cell wall plasticity and stress response Shankar et al. (2011b)
A549 (Human lung
adenocarcinoma
epithelial cell line)
DNA microarray of 4500 cDNA clones derived from P.
brasiliensis (Pb18) and P. lutzii (Pb01) EST data bank
Adhesion proteins Oliveira et al.
(unpublished data)
Human Estradiol and serum DNA microarray of 4200 cDNA clones derived from P.
brasiliensis (Pb18) EST data bank
Cell wall plasticity and stress response Fernandes et al.
(unpublished data)
a ESTs: Expression sequence tags.
b SqRT-PCR: Semi-quantitative Reverse Transcription-PCR.
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the disease occurs predominantly in adult males (gender bias
between 10–30:1 males over females) despite equivalent exposure
to Paracoccidioides for both genders (Shankar et al., 2011a). In vitro
studies showed that estradiol blocked mycelia to yeast transition
(Restrepo et al., 1984; Aristizabal et al., 1998). Furthermore,
Paracoccidioides has a cytosolic protein that binds to estradiol
and may be the fungal element triggering the response to this hor-
mone (Loose et al., 1983; Stover et al., 1986). In the lungs of coni-
dia-infected mice, Aristizabal et al. (1998) monitored the transitionto yeast and found that male mice presented increased numbers of
these cells and fewer conidia when compared to the female
counterpart.
To succeed as a pathogen, Paracoccidioides must adapt to the
diverse niches and conditions faced in the host. This adaptation
requires regulating gene expression necessary for optimal growth
or viability. In this review, we summarize the recent published
and unpublished data obtained by our group and others regarding
functional genomics analyses of Paracoccidioides genus during
dimorphism and host niche exposure and discuss the consequence
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pathogen (Tables 1 and 2). Four different cellular processes will be
discussed in the context of different host niches: (i) carbohydrate,
lipid and amino acid metabolism, (ii) metal acquisition and trans-
port, (iii) signaling transduction and cell wall plasticity and (iv)
virulence and stress response.2. Carbohydrate, lipid and amino acid metabolism
Similar to other systemic fungal pathogens, Paracoccidioides can
infect diverse host niches and thus must present sufﬁcient meta-
bolic plasticity to cope with the varying carbon source and avail-
ability (Brown et al., 2007; Kumamoto, 2008; Brock, 2009; Fleck
et al., 2011; Price et al., 2011; Ene et al., 2012). Following exposure
to the liver, which is presumably a glucose-rich environment,
Paracoccidioides yeast cells accumulate transcripts of genes associ-
ated with glycolytic pathway along with alcoholic fermentation
(Costa et al., 2007). Acylphosphatase (ACP), glucokinase (GLK),
phosphoglyceratemutase (GPM1P) and quinoprotein alcohol dehy-
drogenase (PAAG) were among the up-regulated genes. Our group
has previously shown that ATP production through alcoholic fer-
mentation is preferred in the in vitro cultured Paracoccidioides
yeast, whereas aerobic-dependent production of ATP occurs in
the mycelium form (Felipe et al., 2005a). In this context, the liver
microenvironment resembles the anaerobic response of in vitro-
grown Paracoccidioides yeast cells. Glycolytic pathway activation
is also induced in Candida albicans infecting murine kidney and li-
ver (Barelle et al., 2006; Thewes et al., 2007). Using a genome-wide
transcriptional proﬁling of C. albicans during invasion of the liver,
genes encoding the key glycolytic enzyme phosphofructokinase
(PFK2), subunits of pyruvate dehydrogenase involved in acetyl-
CoA synthesis (PDA1 and PDX1) and key enzymes of the tricarbox-
ylic acid cycle (KGD1 and KGD2) were up-regulated. Therefore, it
became clear that C. albicans cells use sugars as their carbon source
and respiration rather than fermentation, in contrast to Paracoccid-
ioides, to produce energy (Thewes et al., 2007). One probable ben-
eﬁt of the fermentation strategy employed by Paracoccidioides is
production of ATP in low level of oxygen. In contrast to the car-
bon-rich liver environment, the spleen seems to closely correspond
to a carbohydrate-scarce environment for Candida glabrata. Thus,
C. glabrata cells activate pathways to deal with the utilization of
alternative carbon and energy sources via the positive modulation
of genes related to gluconeogenesis, glyoxylate cycle and fatty acid
beta-oxidation (Fukuda et al., 2013).
To get access from the lung to internal organs such as the liver,
Paracoccidioides disseminates through the blood of infected hosts
(Brummer et al., 1993; San-Blas et al., 2002; Mendes-Giannini
et al., 2008). Incubation of Paracoccidioides yeast cells with whole
human blood or plasma rendered an analogous transcriptional
adaptation associated with lypolitic metabolism, characterized by
the induction of genes related to b-oxidation and methylcitrate
cycle (e.g., acyl CoA dehydrogenase and 2-Methylcitrate
dehydratase encoding genes) (Bailão et al., 2006, 2007). In this con-
text, the degradation of fatty acids through b-oxidation can gener-
ate acetyl-CoA and propionyl-CoA. The latter could be assimilated
by the methylcitrate cycle to produce pyruvate, as has been shown
for Aspergillus fumigatus and Fusarium species (Maerker et al., 2005;
Domin et al., 2009). The adaptation of Paracoccidioides to the whole
blood milieu also requires the accumulation of transcripts of the
PCK gene encoding phosphoenolpyruvate carboxykinase, a key
enzyme of gluconeogenesis. Altogether, the lypolitic metabolism
coupled with gluconeogenesis suggests a glucose-poor environ-
ment. This appears contradictory since glucose concentrations in
human blood range between 6 and 8 mM. Although not investi-
gated by Bailão et al. (2007), a reasonable explanation is that themajority of yeast cells would be phagocytosed by neutrophils
and monocytes in the blood, thus exposing the fungus to the phag-
osome, a microenvironment poor in glucose (see below, in this
section). Alternatively, the glucose concentration could have de-
creased during the time course evaluated. In fact, activation of
methylcitrate cycle and gluconeogenesis were prominent at the
60-min time point of incubation and not during the ﬁrst 10 min.
Intriguingly, C. albicans incubated in human whole blood
showed components of both gluconeogenesis and glycolysis path-
ways transcriptionally induced which would lead to useless cycles
of glucose synthesis and degradation. In that case, two populations
composed of phagocytosed and non-phagocytosed Candida cells
were probably present simultaneously in this environment (Fradin
et al., 2003). It is, however, important to mention that posttran-
scriptional mechanisms (i.e., protein synthesis or degradation) play
a major role in the regulation of gluconeogenesis and glycolysis
pathways in fungi (Daran-Lapujade et al., 2007). In this context,
Cryptococcus neoformans has recently been shown to require gly-
colysis or gluconeogenesis activity, depending on whether it
resides in the lung or central nervous system (Price et al., 2011).
The macrophage phagosome is a microenvironment depleted of
glucose and other nutrients (Lorenz and Fink, 2001; Lorenz et al.,
2004). Such glucose deprivation elicits a similar adaptive response
of internalized bacterial and fungal pathogens as has been shown
for Listeria monocytogenes, Mycobacterium tuberculosis, C. albicans,
and C. neoformans (Schnappinger et al., 2003; Lorenz et al., 2004;
Fan et al., 2005; Chatterjee et al., 2006). Speciﬁcally, a shift from
glycolysis to gluconeogenesis alongside the induction of alterna-
tive carbon utilization activation is observed. Similarly, our group
has shown that Paracoccidioides co-cultured with murine macro-
phages reduced mRNA levels of the phosphofructokinase encoding
gene (Tavares et al., 2007). In addition, the gluconeogenic gene
(PCK) and transcripts of glyoxylate cycle-speciﬁc enzymes isoci-
trate lyase (ICL) and malate synthase (MLS) were up-regulated
(Derengowski et al., 2008). The glyoxylate cycle allows two-carbon
(C2) compounds to be used as carbon sources in gluconeogenesis,
since this bypasses the two decarboxylation steps of the tricarbox-
ylic acid cycle. In fact, internalized pathogens may preferentially
utilize C2 compounds such as acetate for energy production
(Schnappinger et al., 2003; Lorenz et al., 2004; Miramón et al.,
2012; Fukuda et al., 2013).
In this context, the glyoxylate cycle pathway could be used by
Paracoccidioides to survive on C2 compounds within host cells.
The shift to this anaplerotic pathway, alongside the PCK enzyme
activation, is required for the production of phosphoenolpyruvate,
an essential precursor of glucose biosynthesis. It is noteworthy that
ICL is a virulence gene in C. albicans since its deletion renders the
mutant strain hypovirulent in an invasive murine model of infec-
tion (Lorenz and Fink, 2001). Further evidence of the contribution
of the glyoxylate cycle to the virulence repertoire of C. albicanswas
shown by Fradin et al. (2003). Using genomic arrays and a cDNA
subtraction protocol, the transcriptional response of C. albicans to
human blood was assessed. The authors found that ICL and MLS
genes were induced; suggesting that the glyoxylate cycle may be
required for adaptation and survival in the bloodstream, an essen-
tial step for systemic candidiasis. In contrast, C. neoformans does
not require the glyoxylate pathway enzymes for virulence, despite
the fact that the transcripts are highly up-regulated upon murine
macrophage internalization and in the central nervous system of
rabbits (Rude et al., 2002;Fan et al., 2005).
Another important aspect of fungal metabolic adaptation in
response to the host environment is related to amino acid metab-
olism (Zhang and Rubin, 2013). During murine liver infection, sev-
eral genes related to metabolic steps in amino acid biosynthesis, as
well as uptake, were induced in yeast cells (Costa et al., 2007). Of
note, methionine salvage pathway cycle-related genes (ARD) along
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duced. MUP1 was also found to be up-regulated in neutrophil
phagocytized C. glabrata (Fukuda et al., 2013). In the same way,
cystathionine b-lyase encoding gene (METG), whose product catal-
yses the penultimate step in methionine biosynthesis, was induced
in Paracoccidioides upon phagocytosis by murine macrophage
(Tavares et al., 2007). The lack of this enzyme activity disrupts
virulence of Salmonella enteric serovar Typhimurium in a mouse
model of systemic infection (Ejim et al., 2004). C. albicans and
Aspergillus fumigatus also up-regulate genes implicated in methio-
nine metabolism in response to internalization by neutrophil and
dendritic cells, respectively (Fradin et al., 2005; Morton et al.,
2011). The importance of methionine goes beyond protein biosyn-
thesis, since methionine in the form of S-adenosylmethionine is
the main methyl donor of several critical methylation reactions
(Loenen, 2006).3. Metal acquisition and transport
Metals such as zinc, iron and copper are essential to homeosta-
sis for all living organisms, including the host and infective micro-
organism. Those vital elements have different roles in the cells as
cofactors or participating in the catalytic site of many enzymes,
including those required to respond to oxidative stress, or directly
involved in respiration through oxygen transport or also regulating
virulence factor production (Nevitt, 2011). To survive in the limited
metal environment of diverse mammalian niches, Paracoccidioides
presents a genetic plasticity to increase the uptake of those ele-
ments. Bailão et al. (2006) reported the induction of genes coding
for three metal transporters (high-afﬁnity copper, high-afﬁnity
zinc/iron and low-afﬁnity zinc/iron transporter) in Paracoccidioides
yeast cells recovery from mice liver, as well as a ferric reductase
during human blood incubation. Also, Paracoccidioides in contact
with human plasma increases the expression of ferric reductase
(FRE2), high-afﬁnity zinc/iron permease (ZRT1) and a potential
low-afﬁnity zinc/iron permease (Bailão et al., 2007). Ferric reduc-
tases probably work as iron and copper reductases, while the other
modulated genes are related to metal uptake.
Regulation of uptake, storage and consumption of ironis neces-
sary for processes such as respiration, amino acid metabolism, TCA
cycle, growth, oxidative stress response and ultimately virulence in
pathogens (Jung and Kronstad, 2008; Nevitt, 2011). Iron plays a
critical role in C. neoformans capsule and melanin production,
two well-known virulence factors for this pathogen (Jung and
Kronstad, 2008). In fact, high iron availability exacerbates the out-
come of experimental cryptococcal meningoencephalitis (Barluzzi
et al., 2002) and renders mice highly susceptible to Paracoccidioides
infection (Parente et al., 2011). Iron is also necessary for pathogen
survival inside phagocytes and deprivation of this metal is a host
strategy to impair the proliferation of intracellular pathogens
(Al-Sheikh, 2009). C. albicans responds to macrophage internaliza-
tion by inducing the expression of two transmembrane ferric
reductases, which are critical in iron uptake and virulence (Ramanan,
2000; Lorenz et al., 2004). In Paracoccidioides, iron is required for
conidia-to-yeast conversion and yeast replication inside macro-
phages and monocytes (Cano et al., 1994; Gonzalez et al., 2007).
Chang et al. (2007) showed in Cryptococcus model that hypoxia
induces genes required for iron uptake, indicating the closer rela-
tionship between oxygen availability and iron metabolism. In
addition, Parente et al. (2011) demonstrated by proteomic analysis
of Paracoccidioides under iron depleted conditions in vitro and also
in mice spleens that this pathogen alters its metabolism to favor
iron-independent pathways, such as glycolysis, instead of oxida-
tive pathways. Despite the transcriptional and proteomic data
related to modulation of iron metabolism, functional studies ofiron homeostasis-related genes have to be done to understand
the complexity of the roles of iron and other metals, as well the
preferred iron sources in the pathogenesis of Paracoccidioides.
Copper and zinc homeostasis have not been as extensively stud-
ied in fungal pathogens as has iron. Copper is an essential element
that acts as an electron transfer intermediary for different catalytic
enzymes, such as Cu/Zn superoxide dismutase, laccase and copper-
containing cytochrome c oxidase (Cox et al., 2003; Toffaletti et al.,
2003). Its homeostasis is also implicated in iron metabolism
through ferrireductases (FET3) (Jung et al., 2008; Sedlák et al.,
2008) and can be toxic in high concentrations due to its ability to
produce reactive radicals after reduction of oxygen (Van Ho
et al., 2002; Ding et al., 2013). It has been shown that copper has
an important role in C. neoformans pathogenesis, since null
mutants of genes related to copper acquisition resulted in viru-
lence attenuation of this fungus (Walton et al., 2005; Waterman
et al., 2012;Raja et al., 2013). Bailão et al. (2006) identiﬁed a
high-afﬁnity copper transporter induced in yeast cells of Paracoc-
cidioides recovered from mice liver. In addition, Tavares et al.
(2007) found overexpressed a mitochondrial copper transporter,
a Cu, Zn superoxide dismutase and Cytochrome c oxidase subunit
VIII, in yeast cells infecting macrophages. This genetic modulation
therefore evidenced that copper play a role in Paracoccidioides
adaptation to the host harsh environment in order to guarantee
energy production through respiration and an efﬁcient response
to oxidative stress (see Virulence and stress response section).
Altogether, these works corroborate the importance of copper in
the complexity of the host–Paracoccidioides interaction.
Similar to iron, zinc plays a role in fungal pathogenesis, since its
capture is an antimicrobial mechanism employed by phagocytes to
impair fungal growth (Lulloff et al., 2004;Winters et al., 2010). Zinc
is an essential nutrient and acts as a structural component of
diverse proteins, including zinc ﬁnger motifs present in several
transcription factors and as a catalytic co-factor for cellular en-
zymes (Rutherford and Bird, 2004). A limited amount of zinc pro-
motes ﬁlamentation defect in C. albicans (Kim et al., 2008),
impairs germination, growth and virulence of A. fumigatus (Moreno
et al., 2007) and reduces C. gattii virulence in a murine model of
cryptococcosis infection (Schneider et al., 2012). The involvement
of zinc in Paracoccidioides pathogenesis is indicated by the positive
modulation of zinc transporters’ transcripts in yeast cells recovered
from mice liver and human plasma (Bailão et al., 2006, 2007).
Moreover, Silva et al. (2011) reported seven putative zinc trans-
porters using an in silico comparative Paracoccidioides genome ap-
proach. In spite of these data, the exact mechanisms by which zinc
plays a role in growth and virulence of Paracoccidioides are still un-
solved and have to be identiﬁed.4. Signaling transduction and cell wall plasticity
Pathogens sense and respond to harsh conditions in the host
through activation of conserved signaling transduction pathways
which promote the expression of genes that are going to guarantee
their survival in this environment. As previously cited, the external
factors that the fungal cells have to face on mammalian hosts
include altered pH and temperature, limited amount of nutrients,
oxidative and osmotic stressors, and others. By an in silico compar-
ative approach, Fernandes et al. (2005), identiﬁed several elements
of signaling pathways in Paracoccidioides associated with the regu-
lation of several cellular events, such as morphogenesis, virulence
and adaptation to the infective process. The Paracoccidioides tran-
scriptome studies focused in this review showed modulation of
genes related to four main signaling pathways: (1) energy produc-
tion under glucose starvation, (2) osmotic stress, (3) membrane
trafﬁcking and organelle biogenesis, (4) and cell wall remodeling.
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lates a transmembrane osmosensor SHO1 and a Protein PYP-like
sensor domain (PAS domain) when in contact with human blood
and plasma (Bailão et al., 2006, 2007). The SHO1 belongs to an
important osmotic stress response pathway, HOG1 (high osmolar-
ity glycerol) which is linked to oxidative stress, cell wall biogenesis
and morphogenesis of diverse fungi, including C. albicans, C. lusita-
niae and A. fumigatus (Román et al., 2005; Boisnard et al., 2008; Ma
et al., 2008; Ji et al., 2012). The PAS domain is probably also
another cellular component that acts to adapt Paracoccidioides to
this environment. Yeast proteins containing PAS domain are
regulated by carbon sources and stress on cell integrity (Grose
and Rutter, 2010). In addition, Mycobacterium tuberculosis has a
two-component signal transduction system containing a PAS
domain sensor that is responsive to stress and is required for
virulence in mice (Rickman et al., 2004).
Three transcriptional Paracoccidioides genetic studies demon-
strated RabGTPase as positively regulated when this fungus was
submitted to host conditions i.e., liver, human blood and plasma
(Bailão et al., 2006, 2007; Costa et al., 2007). This protein is a con-
served regulator of membrane trafﬁcking and organelle biogenesis
in eukaryotes, and in C. albicans it plays an important role in ﬁla-
ment production, a virulence attribute of this pathogen (Johnston
et al., 2009). It is known that in some fungal species cytoplasm vac-
uolization occurs during infection, being considered a host inva-
sion strategy; however, the mechanism is not certain. Johnston
et al. (2009) proposed that RabGTPases are involved in the fungalFig. 1. Classiﬁcation of genes transcriptionally modulated in vitro in response to estra
mycelium at 37 C. The classiﬁcation was performed according to the functional categovacuole formations, which are dynamic structures that are impor-
tant for osmotic stress resistance and homeostasis of the infective
cell. The exact role of Rab proteins in Paracoccidioides pathogenesis
has to be elucidated; however, the transcriptional proﬁle already
demonstrates the involvement of this protein in this fungus adap-
tation, independent of the host niche.
During the Paracoccidioides mycelium to yeast temperature-
dependent dimorphism, together with morphological change, a
cell wall remodeling occurs to guarantee fungal survival within
the host. Regarding carbohydrates, mycelial ﬁlaments present pre-
dominantly the b-glucan polymer (b-1,3 and b-1,6-glucan). In con-
trast, the yeast cell wall is abundant in chitin and is mainly
constituted by a-1,3-glucan (Tomazett et al., 2005;Puccia et al.,
2011;Free, 2013). To shed light on the epidemiological and exper-
imental evidence showing that estradiol impairs Paracoccidioides
dimorphism and consequently pathogenesis, we evaluated the
Pb18 (P. brasiliensis) isolate’s transcriptional response to estradiol
and pooled human female serum using cDNAmicroarray technol-
ogy (Fernandes et al., unpublished data). We decided to focus on
the earliest points of the modulation (2 and 6 h) using different
estradiol levels that encompassed the physiological concentrations
of males and females, including menstrual cycle variations. The
overall gene categories modulated during exposition to estradiol
is shown in Fig. 1. It should be noted that Shankar et al. (2011b)
used the random-shear genomic DNA microarray technology to
evaluate the Pb01 isolate’s (P. lutzii) transcriptional response to a
ﬁxed concentration of estradiol during a long-term kineticdiol and to human female serum after 2 h and 6 h of incubation of P. brasiliensis
ries developed on KEGG annotation.
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interesting and convergent results. The chitin synthase 1 gene
(CHS) was down-regulated in response to estradiol in both studies
at earlier time points (Fig. 2). Paracoccidioides genome has many
chitin synthase genes (Nino-Vega et al., 2000), and some of them
were detected in transcriptome studies. Nunes et al., 2005 identi-
ﬁed a positive modulation of chitin synthases and down-regulation
of chitinases in the M–Y transition, while Bastos et al. (2007)
detected two chitinases over-expressed in the dimorphic transi-
tion. In fact, the yeast cell wall is mainly constituted of chitinFig. 2. Transcriptional response of Paracoccidioides cell wall related genes after 17-b- estr
(A) Schematic representation of cell wall molecular transcriptional data related to the t
(2007). (B) Schematic representation of 17-b-estradiol inﬂuence on the cell wall relate
components of Paracoccidiodes cell wall were represented – glucans (a- and b-), chitin, ma
two morphotypes (mycelium and yeast). The hormone 17-b-estradiol promotes an extens
the signaling cascade controlled by this transduction molecule (Shankar et al., 2011b; Fer
related to chitin and glucans biosynthesis. Taken together those data corroborate to expla
transition. (C) Cytoplasm, CW: Cell Wall, PM: Plasma membrane, Ags1: a-1,3-glucan syn
GTPase, GAP: GTPase activating protein, GEF: Guanine nucleotide exchange factor, GDI:
GDP: Guanosine diphosphate, GTP: Guanosine triphosphate, Pi: Inorganic phosphate.(37–48%), compared to the mycelium form (7–18%) (Kanetsuna
et al., 1969). We also observed a transcriptional negative modula-
tion of b-glucosidase during estradiol and human female serum
incubation after 2 h.
Interestingly, Rho GTPase, the regulator of 1,3-beta-glucan syn-
thase, was also down-regulated after 6 h in both tested conditions
(Fig. 2). Rho GTPases have been extensively studied in human fun-
gal pathogens and have a set of interacting proteins to orchestrate
their activation in the cells (Yamochi et al., 1994). These enzymes
are active or inactive when GTP or GDP is bound, respectively. Thisadiol treatment during in vitro dimorphic transition from mycelium to yeast (M–Y).
ransition M–Y of Paracoccidiodes, described by Nunes et al. (2005) and Bastos et al.
d genes during the transition M–Y of Paracoccidiodes. In both schemes the main
nnoproteins, proteins and galactomannans – as well as their relative amount on the
ive regulation of Rho-GTPase components which probably prevents the activation of
nandes et al., unpublished results). Also, Rho-GTPase is able to down-regulate genes
in the role of this female hormone on the impairment of Paracoccidioides dimorphic
thase, Fks1: b-1,3-glucan synthase, Cht: Chitinase, Chs: Chitin synthase, Rho1: Rho-
guanine nucleotide dissociation inhibitor, GGTase I: Geranyl geranyl transferase I,
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proteins; these alter GDP to GTP and Rho-GDP dissociation inhibi-
tors that inactivate Rho proteins by binding to and capturing them
from cytosol. In our experiment we observed a transcriptional
modulation of the entire Rho apparatus: Rho GTPase cDNA was
low in estradiol-treated samples after 6 h’ incubation and also in
human female serum, was the GTPase-activating protein after 2 h
of estradiol contact. Corroborating these data, the GDP dissociation
inhibitor was up-regulated by estradiol after 6 h. Shankar et al.
(2011b) also detected the down-regulation of Rho-GTPase at the
earliest times analyzed.
To be attached to the membrane and transduce signals to the
cell wall integrity pathway, Rho GTPases have to be geranylated
(post translational modiﬁcation by addition of geranyl, a prenyl
radical) by GGTAse (Geranylgeranyltransferase enzyme). In our
work, we found down-regulation of the GGTase coding gene in
both conditions tested (e.g., incubation with estradiol at 6 h and
human female serum at 2 and 6 h). All data together clearly sug-
gest that estradiol impairs the Rho GTPases regulatory mechanism,
which is required for maintaining osmotic integrity, cell wall
assembly, cytoskeletal organization, cell shape and polarity and
for virulence of several fungal pathogens (Price et al., 2008).
Shankar et al. (2011b) also observed on estradiol treated samples
down-regulation of FKS1 and AGS1, coding respectively b-1,3-glucan
synthase. Our results, combined with those described by Shankar
et al. (2011b), indicate that in earlier points of the dimorphism,
estradiol promotes a transcriptional modulation of the cell wall,
remodeling related genes (Fig. 2). These data suggest a mis-regula-
tion of Paracoccidioides cell wall biogenesis at the initial phase of
the transition, which could explain the blockage of mycelium to
yeast transition in estradiol-treated samples at late points
observed by Shankar et al. (2011b). These data may be conﬁrmed
by temporal studies of cell wall composition of the estradiol-
treated samples during Paracoccidioides dimorphism.
All the data evidence that estradiol plays a role in Paracoccidioi-
des dimorphism, an essential virulence feature of this pathogen.
The results clearly show estradiol promotes a genetic modulation
in the pathogen that affected its physiological and morphological
ability to undergo the M–Y transition, but we are still not able to
ascribe the exact molecular mechanism that culminates in this
event that is associated with the gender differences in disease
rates. It is important to note a recently published work in which
the authors suggest a distinct immune response between males
and females, in which estradiol favors protective responses to
Paracoccidioides infection (Pinzan et al., 2010). The gender differ-
ence in the immune response associated with the genetic modula-
tion of Paracoccidioides in response to estradiol may be the key to
understanding gender-related Paracoccidioides pathogenesis.
Besides mycelium to yeast transition, transcriptional modula-
tion of cell wall remodeling enzymes was also shown to occur in
yeast cells recovered from diverse host niches. Costa et al. (2007)
showed Rho1 GTPase and a chitinase (family 18) activated in yeast
cells isolated from liver of mice, and Bailão et al., 2006 found the
Rho1- GDP-GTP exchange protein induced after human blood con-
tact. The Paracoccidioides cell wall plasticity is also evidenced when
yeast cells are in contact with human plasma; the up-regulation of
1,3-beta glucan synthase coding gene (FKS) and a putative glycosyl
hydrolase was observed (Bailão et al., 2007). Conversely, Tavares
et al. (2007) reported reduction expression of FKS in yeast cells
after macrophage internalization. These data show that yeast
Paracoccidioides modulates the cell wall gene expression in re-
sponse to the environment, favoring its survival. A detailed study
on the cell wall composition of yeast submitted to those conditions
would be necessary to conﬁrm this active remodeling related to
host adaptation.5. Virulence and stress response
Transcriptome proﬁling of fungi infecting host tissues or in
host-like conditions has shown that stress adaptation is a frequent
feature which may reveal genes indispensable for fungal virulence
(Wilson et al., 2009; Cairns et al., 2010). In accordance with this,
expression modulation of genes encoding the molecular chaper-
ones, heat shock proteins (HSP), is a common trait of Paracoccidioi-
des exposed to virtually all host niches discussed here. Speciﬁcally,
the transcripts of the genes encoding HSP30, HSP70 and HSP90 are
accumulated in Paracoccidioides interacting with murine liver and
human whole blood (Bailão et al., 2006; Costa et al., 2007).
HSP30 is also up-regulated in human plasma and during interac-
tion with type I collagen and ﬁbronectin (Bailão et al., 2007,
2012). The HSP30-encoded chaperone in Saccharomyces cerevisiae
is an integral plasma membrane protein which is induced by
multiple environmental stress conditions, including carbohydrate
limitation, heat shock, oxidative stress and osmotic stress
(Kamo et al., 2012). Interestingly, the response to osmotic stress
is activated in Paracoccidioides during human plasma and blood
incubation (Bailão et al., 2006, 2007).
The HSP70s are a conserved family of chaperones which pre-
vent unfolded polypeptides from aggregation and also support
the folding of target proteins in an ATP-dependent manner (Burnie
et al., 2006). Paracoccidioides HSP70 member genes are highly
induced in in vitro-grown yeast cells when compared with the
mycelial form (da Silva et al., 1999; Felipe et al., 2005a,b). As de-
scribed above, the murine liver and whole blood environment
exacerbate HSP70 expression in Paracoccidioides yeast cells. Since
no actual thermal stress was provoked (i.e., the experimental and
control yeast were at 37 C), cross-protection of HSP70 against
other stressors may have been occurring. In fact, proteomic analy-
sis showed the up-regulation of HSP70in Paracoccidioides exposed
to hydrogen peroxide, whereas HSP70 transcripts accumulated in
Histoplasma capsulatum exposed to nitrosative stress (Nittler
et al., 2005; Grossklaus et al., 2013). Thus, genes associated with
the response to oxidative stress are induced in Paracoccidioides
during murine liver infection, e.g., thioredoxin (TXN) and
oxidation resistance protein (OXR1), and whole blood incubation,
e.g., AP-1-like transcription factor and NADPH-quinone reductase
(NQO1). It is of note that immunochemical staining of Paracoccidi-
oides HSP70 was demonstrated in human biopsy material (Diez
et al., 2002).
HSP90 is a well characterized chaperone of Paracoccidioides. Its
gene is present as a single copy in the genome and is highly tran-
scribed during the mycelium to yeast transition and under in vitro
oxidative stress induced by both superoxide-generating menadi-
one and hydrogen peroxide (Goldman et al., 2003; Nicola et al.,
2008). Also, treatment of the yeast with the speciﬁc HSP90 inhibi-
tors geldanamycin and radicicol inhibited growth (Nicola et al.,
2008), suggesting that HSP90 function is essential to fungal viabil-
ity, as has been shown for S. cerevisiae and Schizosaccharomyces
pombe (Ki et al., 2001; Sreedhar et al., 2003). In fact, Tamayo
et al. (2013) using RNA antisense technology demonstrated that
Paracoccidioides yeast cells with reduced HSP90 expression pre-
sented diminished viability upon interaction with IFN-c activated
murine alveolar macrophages. In this context, inhibitors of HSP90
may be designed to reach higher selectiveness for the fungal pro-
tein, acting as a novel antifungal therapy. HSP90 transcription is
also induced in C. neoformas and C. albicans infecting murine lung
and kidney, respectively (Thewes et al., 2007; Hu et al., 2008).
In contrast to the induction of HSP genes in the diverse host
niches described above, HSP70, HSP80 and HSP88were down-regu-
lated when mycelial cells were incubated with estradiol or human
female serum, regardless of the Paracoccidioides species used
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results support the idea that estradiol does not allow the proper
expression of genes required for fungal temperature adaptation
during the mycelium to yeast transition (da Silva et al., 1999;
Nunes et al., 2005; Nicola et al., 2008). Interestingly, the HSP70
protein Kar2p/BiP homolog, a chaperone resident in the endoplas-
mic reticulum (ER), had its transcript levels up-regulated after 6 h
of contact with different estradiol concentrations (Fernandes et al.,
unpublished data). In S. cerevisiae this chaperone is induced in re-
sponse to ER stresses (including heat shock) as a result of unfolded
protein accumulation (Okamura et al., 2000), and prevents their
exit from the ER. In accordance with these results, proteasome-
ubiquitin-related enzymes (i.e., ubi4 ubiquitin fusion protein;
ubiquitin-conjugating enzyme e2) were down-regulated in
response to estradiol and also during incubation of human female
serum. These comprise the conserved protein degradation system
that responds to cellular stress in eukaryotes. Recently, some
reports have addressed components of this system as regulators
of fungal pathogen virulence (Liu and Xue, 2011).
Although oxidative/nitrosative stress may be present in diverse
host niches, their major source is the phagocytic cells of the host
immune system. In the phagolysosome of macrophages, pathogens
are exposed to oxidative and nitrosative molecules generated by
the phagocyte nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase burst complex and inducible nitric oxide syn-
thase (iNOS), respectively. It has long been known that nitrosative
molecules (e.g. nitric oxide), produced mainly by INF-c activated
macrophages, are fungicidal to Paracoccidioides (Bocca et al.,
1998; Nascimento et al., 2002). In contrast, Paracoccidioides yeast
cells are resistant to killing by oxidative molecules, such as super-
oxide anions and hydrogen peroxide (Schaffner et al., 1986;
Brummer et al., 1988) and survive, as a facultative intracellular
pathogen, in non-activated macrophages (Brummer et al., 1989).
Thus, efﬁcient antioxidative enzyme activity may be working to
promote fungal survival within the phagosomes of non-activated
macrophages. Similarly, the most signiﬁcantly up-regulated gene
in Paracoccidioides internalized by macrophage encodes for a puta-
tive glycosylphosphatidylinisotol (GPI) membrane-anchored Cu/Zn
superoxide dismutase (SOD) (Tavares et al., 2007). Since superox-
ide production is also a normal by-product of aerobic respiration,
GPI-anchored Cu/Zn SOD would have a more prominent activity
against a host-derived superoxide anion when compared to cyto-
plasmatic Cu/Zn SOD. In fact, H. capsulatum produces a superoxide
dismutase (encoded by SOD3 gene) which is both associated with
the yeast cell surface (GPI-anchored) and secreted, providing an
essential mechanism that allows intracellular fungal survival by
detoxiﬁcation of superoxide produced by macrophages and neu-
trophils (Youseff et al., 2012). Furthermore, using intranasally
infected mice, it was shown that SOD3 is vital for the full virulence
of H. capsulatumin vivo. On the other hand, endogenous reactive
oxygen elimination depends on the activity of the cytoplasmatic
Cu/Zn SOD encoded by SOD1 (Youseff et al., 2012). In C. albicans,
the gene SOD5, which also encodes GPI-anchored Cu/Zn SOD, is
induced not only under oxidative, but also under osmotic stress
in vitro and upon being internalized by neutrophils. Furthermore,
null mutants of C. albicans SOD5 are more sensitive to mouse killing
(Martchenko et al., 2004; Miramón et al., 2012). The protective role
of the cell surface Cu/Zn SOD in C. albicans also extends to macro-
phages and dendritic cells (Frohner et al., 2009). In contrast to cell
surface SODs expressed by P. brasiliensis, H. capsulatum and C. albi-
cans, SOD enzymes of A. fumigatus are cytoplasmtic or mitochon-
drial and do not detoxify the extracellular host-derived
superoxide anion (Lambou et al., 2010). Thus, other pathways such
as glutathione and thioredoxin pathways, along with melanin pro-
duction in A. fumigatus, may have a major role in counteracting
extracellular oxidative molecules (Jahn et al., 2000; Burns et al.,2005). Another Paracoccidioides gene product that may be involved
in the detoxiﬁcation of oxidative radicals is the enzyme alternative
oxidase encoded by AOX. Alternative oxidase is assumed to have
important metabolic and antioxidant roles in several microorgan-
isms (Vanlerberghe and McIntosh, 1997; Veiga et al., 2003).
Although not present in S. cerevisiae, this enzyme is found in many
pathogenic fungi including C. neoformans, C. albicans, H. capsulatum
and A. fumigatus (Huh and Kang, 1999, 2001; Akhter et al., 2003;
Johnson et al., 2003). In Paracoccidioides, AOX gene plays a role in
the mycelia to yeast transition and in the maintenance of intracel-
lular redox balance (Martins et al., 2011). Furthermore, reduced
expression of AOX gene using RNA antisense methodology ren-
dered Paracoccidioides cells more susceptible to peroxide stress
in vitro and macrophage killing. Consistently with these results,
silencing of AOX also decreased virulence of Paracoccidioides coni-
dia in a murine model of infection as indicated by the substantial
reduction of fungal burden in the lungs and increased survival rate
(Ruiz et al., 2011). Thus, alternative oxidase plays a critical role in
the virulence of Paracoccidioides.
Another gene found to be induced in intracellular Paracoccidioi-
des codes for the HSP60 chaperone (Tavares et al., 2007). In per-
forming its task as a molecular chaperone, promoting the correct
folding of several proteins imported into the mitochondrial matrix,
HSP60 plays several roles, such as cellular response to oxidative
stress. Mutant strains of S. cerevisiae generating different amounts
of this chaperone were exposed to menadione and hydrogen per-
oxide. It was observed that cells presenting higher levels of
HSP60 were more resistant to these oxidative agents. The HSP60
protective role was related to the inhibition of reduced ferrous iron
release from the oxidation of mitochondrial proteins (Cabiscol
et al., 2002). In addition, the HSP60 prokariotic homolog GROEL
was among the up-regulated genes during L. monocytogenes infec-
tion of macrophages (Chatterjee et al., 2006), suggesting a con-
served strategy in fungi and bacteria for intracellular survival.
Adhesion to host cells is a necessary virulent attribute for suc-
cessful fungal infection and colonization. After adherence, fungi
causing systemic infection must overcome epithelial cells/tissues
and proteins of the extracellular matrix (ECM), such as type IV col-
lagen, ﬁbronectin, ﬁbrinogen, and laminin for invasion and dissem-
ination (Mendes-Giannini et al., 2008; Osherov, 2012). Since the
lung is the port of entry of Paracoccidioides in the human organism,
we sought to evaluate the transcriptional response of both Paracoc-
cidiodes species (Pb01 and Pb18) when interacting with A549 cells,
a human lung adenocarcinoma epithelial cell line (Oliveira et al.,
unpublished data). Genes encoding glyceraldehyde-3-phosphate-
dehydrogenase (GAPDH) and enolase were induced after 48 h
and 72 h of co-culture. Besides its well-characterized role in glycol-
ysis, GAPDH has a diverse cellular distribution and biological func-
tion, including its role as a virulence factor in a number of
pathogenic organisms (Seidler, 2013). Indeed, GAPDH was charac-
terized as an adhesion molecule from Paracoccidioides, which is
associated with the fungal cell wall and binds to laminin, ﬁbronec-
tin and collagen type I. Furthermore, treatment of Paracoccidioides
cells with anti-GAPDH or treatment of A549 pneumocytes with
recombinant GAPDH resulted in the inhibition of fungal adhesion
(Barbosa et al., 2006). GAPDH is also induced in Paracoccidioides
obtained from infected mouse liver and whole human blood inter-
action (Bailão et al., 2006). In agreement with this, C. albicans
expresses cell wall-associated GAPDHs both in vitro and in human
infected tissues (Gil et al., 1999).
Like GAPDH, enolase is a functional pleiotropic protein (Pan-
choli, 2001) and its cell wall-associated form acts as an adhesin
in several bacterial pathogens and Paracoccidioides (Carneiro
et al., 2004; Donofrio et al., 2009; Nogueira et al., 2010). Paracoccid-
ioides enolase was characterized as a 54 kDa molecule, which binds
to ﬁbronectin. In addition, antibodies raised against this protein
106 A.H. Tavares et al. / Fungal Genetics and Biology 81 (2015) 98–109abolished Paracoccidioides adhesion to A549 epithelial lung cells
(Donofrio et al., 2009). Paracoccidioides enolase also binds to host
plasminogen, which has been shown in several pathogens to be
important for tissue invasion through ﬁbronectin degradation. Fur-
thermore, recombinant enolase led to an enhanced adhesion of
Paracoccidioides with macrophages and lung epithelial cells
(Nogueira et al., 2010). The role of enolase in the adhesion arsenal
of Paracoccidioides was recently reinforced by Bailão et al. (2012)
through transcriptome analysis of yeast cells interacting with the
ECM proteins ﬁbronectin and collagen. The enolase encoding gene
was among the three genes induced in both conditions, and its
recombinant form speciﬁcally binds to the macrophage surface.
Remarkably, enolase is differentially expressed in the infective
mycelial form of Paracoccidioides (Cunha et al., 1999). Therefore,
this protein may also be required for the initial interaction with
(i.e., adhesion to) lung epithelial cells and alveolar macrophages
upon infection.6. Perspectives
In the past few years, our understanding of fungal infections has
increased signiﬁcantly, which has coincided with the development
of a wide range of new methods to study the molecular basis of
host–pathogen interactions. These are characterized by profound
changes in gene expression patterns of both organisms involved.
The importance of understanding the mechanisms underlying
these processes cannot be underestimated, for they will deﬁne
the outcome of the infection.
Traditional approaches based on hybridization (as macro- and
microarrays) and sequencing (EST generation by Sanger sequenc-
ing – SAGE, CAGE, RDA), have been used to analyze the transcrip-
tomic proﬁles of Paracoccidioides in response to different
experimental conditions. The data thus obtained revealed a pattern
of differential expression in a set of genes in response to each
experimental condition, providing insights into the adaptation of
the fungus to host niche-speciﬁc features. Also, the use of these
methods has allowed for an extensive transcriptomic characteriza-
tion of host cells, contributing to a better understanding of how the
immune system senses and responds to pathogens (Felipe et al.,
2005a,b; Jenner and Young, 2005; Silva et al., 2008; Tavares
et al., 2012). In spite of the great importance of the data obtained
until now, it is well known that these strategies have several tech-
nical limitations, which were stressed in the literature (Marioni
et al., 2008; Shendure, 2008; Wang et al., 2009).
Recently, the introduction of high-throughput DNA sequencing
has dramatically changed this scenario, by providing new
approaches towards transcriptome studies, such as RNA-seq, and
toward analysis of DNA–proteins interaction, such as Chip-Seq, in
studies of transcription and chromatin modulation changes, among
others (Shendure and Ji, 2008; Costa et al., 2010).
The RNA-seq strategy is being considered one of the most pow-
erful transcriptome proﬁling methods, as it allows the precise
description and quantiﬁcation of the transcript levels under vari-
ous biological conditions (Marioni et al., 2008; Mortazavi et al.,
2008; Shendure, 2008; Sultan et al., 2008; Wang et al., 2009; Bruno
et al., 2010; Costa et al., 2010). It is noteworthy that until recently,
RNA-Seq had been mostly employed to characterize separately the
transcriptome changes either of the pathogen or the host during
their interaction. Due to the complexity associated to host–patho-
gen interactions, the simultaneous analysis of the transcriptome of
both organisms is of prime relevance to better understand the
infection process (Tierney et al., 2012a; Westermann et al.,
2012). In this sense, a new approach based on RNA-seq, called Dual
RNA-seq, that allows the simultaneous analysis of both organisms,would be of enormous impact in studies of host–pathogen
interaction.
The Dual RNA-seq was employed for the ﬁrst time in fungal
infections by Tierney et al. (2012a), to characterize the transcrip-
tome of a time course infection of murine dendritic cells by C. albi-
cans. Aiming to generate an interspecies computational model of
molecular fungal-host interactions, the authors were able to antic-
ipate, and also experimentally validate, some predicted sub-net-
works of the interspecies regulatory network.
Another relevant aspect involves the importance of commensal
microbiota to host immune response. Large-scale data obtained
from microbiome studies have shed some light on the major roles
played by the microorganisms of the microbiota in several biolog-
ical processes, with outstanding interest in the hosts’ immune
response. Hereupon, a new challenge to host–pathogen studies
consists in the correct designing of experimental procedures to
properly assess the microbiota effects on the outcomes of an infec-
tious disease, since it is widely known that these outcomes depend
on the molecular interactions established among the pathogen, the
host and the commensal microbiota distributed in the various
hosts’ ecological niches (Rizzetto and Cavalieri, 2011; Cottier and
Pavelka, 2012).
Exploring the huge amount of data generated by high through-
put technologies, new studies using systems biology approaches
have arised, taking the host–pathogen interaction comprehension
to a new level, as recently stressed in the literature (Rizzetto and
Cavalieri, 2011; Horn et al., 2012; Tierney et al., 2012b).
Considerable challenges still remain, especially concerning the
functional genome-wide data analysis combined with bioinfor-
matic methods, as well as the development of tools to validate
key elements of the networks of interactions, as exempliﬁed by
construction of knockout organisms, RNAi methods, assays to
reveal protein–protein–DNA–RNA interactions, among others.
Only recently have molecular tools necessary for such studies be-
come available in Paracoccodioides (Ruiz et al., 2011). Torres et al.
(2013) and Menino et al. (2013) using antisense RNA technology
and Agrobacterium tumefaciens-mediated transformation (ATMT)
revealed a role of SconCp, the negative regulator of the inorganic
sulfur assimilation pathway, and PbGP43, an immunodominant
secreted glycoprotein, in the virulence of Paracoccodioides in an
in vivo model of infection. Although, knockouts models are neces-
sary, those works paved the way for Paracoccidioides studies entry
into the molecular virulence ﬁeld.Acknowledgments
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